I. INTRODUCTION
The electronic structure of bulk metals is quite well understood, 1,2 but an accurate description of small metal clusters is still far from satisfactory and constitutes a field of vigorous scientific investigations. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] An example of a system that received considerable attention-both in theory and in experiment-is the scandium dimer. Even though the Sc 2 molecule is seemingly among the simplest transition metal dimers, the description of its potential energy curve ͑PEC͒ along the whole range of internuclear distances still raises a challenge to nowadays' most refined quantum chemical methods. Whereas at large internuclear distances the ground state of Sc 2 is described by the two atoms in their 2 D g ground state, at short distances, due to the relatively low energy required to promote an atom from 2 D g ͑4s 2 3d 1 ͒ to 4 F g ͑4s 1 3d 2 ͒, the nature of the bond in the ground state is dominated by a 4s 2 4s 1 interaction. For a long time, there seemed to be a consensus with respect to the nature of the ground state of Sc 2 . However, a recent quantum diffusion Monte Carlo ͑DMC͒ study of Matxain et al. 8 suggested that the ground state should be classified as 3 ⌺ u − rather than 5 ⌺ u − , as was previously widely accepted. We feel that an extensive study of the scandium dimer aiming at the definite characterization of the ground and low-lying excited states and their properties is timely, also in regard of the recent success of encapsulating the Sc 2 molecules inside fullerene cages. 23 The metal-fullerene interaction was found to significantly stabilize the nonisolated-pentagon fullerene isomers of C 64 , C 66 , C 72 , C 74 , and C 82 . [24] [25] [26] [27] [28] [29] [30] It appears obvious that in-depth understanding of the stabilization mechanism must be preceded by a thorough elucidation of the electronic structure of the isolated dimer.
An excellent complete review of experimental and theoretical results on Sc 2 has been given recently by Kalemos et al. 31 Here, we give only an overview of the most important results that are relevant in the context of the present work. The equilibrium distance in Sc 2 is not well known; crude estimations 32 based on empirical rules locate it around 2.20-2.48 Å. In contrast, the vibrational constants of the ground state ͑ e = 238.91 cm −1 and e x e = 0.93 cm −1 ͒ are determined 33 very accurately from resonance Raman experiments in an argon matrix. The corresponding gas-phase harmonic frequency is expected 34 to differ only slightly ͑within a few wave numbers͒ from its matrix value. The experimental value of the dissociation energy of the scandium dimer is a subject of controversy. It was estimated in 1964 as 1.12Ϯ 0.22 eV by mass-spectroscopic measurements followed by the third-law thermodynamic method calculations by Drowart and co-workers. 35 In a review published two years later, Drowart 36 already quoted a different value of 1.65Ϯ 0.22 eV, which apparently was obtained from the same data. Further details concerning the corrected value have been given recently by Kalemos et al. 31 A detailed multireference theoretical study performed by Åkeby and co-workers 37, 38 suggested that the presence of previously unknown low-lying electronic states of Sc 2 contributing to the molecular partition function should lower D e to 1.05Ϯ 0.2 eV. In the context of this discussion, it is appropriate to mention here another attempt 39 to estimate D e of Sc 2 using the LeRoy-Bernstein analysis 40, 41 of the vibrational energy levels of the scandium dimer, which yielded a lower limit of the dissociation energy of 0.79 eV. It is important to stress that this value should just be viewed as a lower limit for the dissociation energy since the only five observed transitions in the resonance Raman progression 33 are not sufficient to show an evidence of the e y e anharmonicity in the Dunham fit, which is required for the LeRoy-Bernstein analysis to yield reasonable results. 39 The analysis 42 of the hyperfine splitting of two ESR bands of Sc 2 trapped in solid neon matrix showed that the ground state is a quintet ͑S =2͒. It was further demonstrated a͒ This paper is dedicated to the memory of Professor Björn O. Roos ͑1937-2010͒. that the observed pattern is consistent with a simulated electron spin resonance ͑ESR͒ spectrum of a 5 ⌺ state. It is important to stress here that the positions of the two observed perpendicular fine-structure lines in the ESR spectrum could not be reproduced for S = 1 and S = 3, which effectively excludes the possibility that the ground state of Sc 2 is either a triplet or a septet. An UV-vis spectrum of scandium atoms trapped in an argon matrix shows evidence of three absorptions at 15 100, 21 050, and 29 850 cm −1 , which were assigned to three low-lying excited states of Sc 2 . 43 Early semiempirical and HF calculations designated the 1 ⌺ g + and 5 ⌬ g electronic states as candidates for the ground state. [43] [44] [45] [46] The first multireference ͑MCSCF/MRCI͒ study 47 of Sc 2 showed that the 5 ⌺ u − state with a minimum at 2.6 Å lies considerably lower than the previously investigated states. The first global PEC for the 5 ⌺ u − state was constructed by Tatewaki and co-workers 48 using an ͑22o, 6e͒ active space built from the 3d, 4s, and 4d atomic orbitals; state averaging was needed to assure the connected and smooth character of the curve. The electronic nature of the 5 31 An extensive study of low-lying states of Sc 2 was given by Åkeby and co-workers. 38 A number of DFT studies on the low-lying states of Sc 2 appeared, 51,54-60 which were mainly focused on the accurate determination of the ground state using various exchange-correlation functionals and a comparison between the lowest state in each of the spin manifolds. A compilation of spectroscopic parameters obtained with various correlated methods for covalently bound lowlying states of Sc 2 is given in Table I .
This well-established theoretical picture has been recently upset by the quantum DMC study of Sc 2 performed by Matxain et al. 8 This study reports single point DMC energies computed at the DFT/B3LYP equilibrium geometries for ten low-lying states of Sc 2 . The symmetry of the ground state is found to be 3 10, 68 recently developed variants of multireference perturbation theory. The particular features of NEVPT, viz., the absence of intruder states and the property of size consistence, are particularly useful in the study of a molecule such as Sc 2 , where both statical and dynamical correlation energies need to be adequately accounted for. An excellent agreement between the results from the second-and thirdorder multireference perturbation theory combined with a large atomic basis set and including the relativistic and semicore correlation effects suggests high accuracy of our predictions. The correctness of this assignment is further corroborated by an excellent agreement between the computed and experimental values of e for the 5 ⌺ u − state. The second purpose of the present study is to give a systematic account of the low-lying states of Sc 2 in order to characterize all the potential candidates for the ground state. To this end, the PEC for the ground state in each irreducible representation of the D ϱh point group is computed for the singlet, triplet, quintet, and septet spin manifolds ͑S =0,1,2,3͒ using CASSCF with the ͑18o, 6e͒ full valence active space followed by NEVPT2 corrections for the low-lying curves. We believe that the presented results are a significant contribution to the quest for finding the ground state of Sc 2 .
II. COMPUTATIONAL DETAILS
The all-electron relativistic ͑21s15p10d6f4g2h͒ / ͓10s9p8d5f4g2h͔ atomic natural orbital ͑ANO͒ type basis set of Roos et al. 69 has been adopted for this work. The PECs of Sc 2 have been computed with the n-electron valence state perturbation theory ͑NEVPT͒ method. 66, 68 Scalar relativistic effects have been accounted for by using the second-order Douglas-Kroll-Hess Hamiltonian. 70 Spin-orbit ͑SO͒ calculations have been performed using the full Breit-Pauli SO operator. The diagonal elements of the SO matrix have been substituted with the state-specific ͑18o, 6e͒ NEVPT2 energies; the off-diagonal elements have been calculated using the state-averaged CASSCF orbitals averaged over the six lowest-lying states
We used the full valence active space ͑18o, 6e͒ composed of the 4s, 3d, and 4p atomic orbitals ͑AOs͒ for this work. Two other active spaces have been tested in our calculations, the reduced valence space ͑12o, 6e͒ composed of the 4s and 3d AOs of each scandium atom and the augmented reduced valence space ͑14o, 6e͒ composed of the 4s, 3d, and 4p z AOs. Dynamical correlation has been taken into account by means of the second-and third-order 10 NEVPT method. The 3s and 3p electrons have been correlated at the perturbation level in all calculations. The second-order calculations have been performed using the partially contracted formalism ͑PC-NEVPT2͒, while the third-order calculations employed both the strongly ͑SC-NEVPT3͒ and partially ͑PC-NEVPT3͒ contracted approach. It is noteworthy that this is the first time that 18 active orbitals have been used in conjunction with the NEVPT method and that the partially contracted variant of NEVPT3 has been used in quantum chemical calculations. All the calculations have been carried out 
III. RESULTS AND DISCUSSION

A. Atomic calculations
Before proceeding to the molecular calculations, we briefly inspect here the low-lying atomic terms of the scandium atom. 5 ⌺ u − ground state is computed directly from the PEC, rather than from the separated atoms limit, a correction equivalent to the 4 F u − 4 F g energy spacing must be introduced in the final result to compensate for the automatic choice of the wrong asymptote.
B. Low-lying states of Sc 2
The lowest PECs of Sc 2 for each of the 1,3,5,7 ͓⌺ + , ⌺ − , ⌸ , ⌬ , ⌽ , ⌫͔ g,u manifolds have been computed using the state-specific CASSCF method with the ͑18o, 6e͒ full valence active space. The curves, shown in Fig. 1 , have been computed between 1.95 and 3.55 Å in order to designate viable candidates for the low-lying covalently bound states of the scandium dimer. As earlier anticipated, 31 the resulting curves are quite closely spaced. The dynamical correlation contribution has been estimated for each of the curve around its minimum using the NEVPT2 method. The singlet and triplet states of purely van der Waals character that were studied previously by Kalemos et al. 31 were omitted in this procedure. Out of the 48 studied states, the lowest six 31 and contradicts the earlier DMC predictions of Matxain et al. 8 Spectroscopic parameters computed for the six NEVPT2 curves presented in Fig. 2 between the outermost ⍀ = 0 and ⍀ = 4 SO components of this state. As expected, none of these splittings modifies seriously the energy landscape for the low-lying states of the scandium dimer.
For some of the states, namely for those that formally dissociate to the ground state of the separated atoms, the lowest PECs consist of two crossing segments. The longdistance segment corresponds to the interaction of two 4s 2 3d 1 scandium atoms, while the short-distance segment to the interaction of the 4s 2 3d 1 and 4s 1 3d 2 scandium atoms. Their analytical structure and consequently also the physical nature are very different. The best evidence of the dissimilarity follows from the fact that the two CASSCF solutions can be analytically continued also to metastable regions yielding the crossed, two-segment patterns observed in Fig.  1 . Clearly, such a situation is not desirable for physical solutions, which should vary smoothly while passing from one region to the other. Usually, an appropriately averaged CASSCF procedure can resolve this situation. Unfortunately, it has not proved possible to achieve this result for the Sc 2 molecule. The two-segment curves presented in Fig. 1 can be thus regarded as diabatic PECs that should be coupled via an appropriate adiabatic coupling matrix element. Note that such an interaction is expected to modify the shape of these curves only in the vicinity of the crossing point owing to their very different physical nature. Actually, for our purpose, it is more convenient to analyze the diabatic curves, since the crossing point is usually shifted after accounting for the dynamical correlation. In case of adiabatic states, one would need to employ a multistate perturbation theory formalism, such as the quasidegenerate NEVPT2, 73 to recover the smooth character of PECs at the crossing region. Fortunately, for the five states analyzed here, the crossing points occur far away from their minima, thereby not influencing the final conclusions drawn from our work. 5 ⌺ u − and 3 
C. NEVPT3 results for the
⌺ u − states
The results presented in Sec. III B have been obtained using the second-order NEVPT method. In this section we extend the correlation treatment to the third order using the ͑12o, 6e͒ reduced valence space. In addition to its intrinsic value, the third-order approach is a good test to assess the efficiency and stability of the perturbation series. Actually, a large discord between the second-and third-order results would be a clear indication of the inadequacy of the zeroorder wave function. So far, third-order NEVPT in its strongly contracted variant ͑SC-NEVPT3͒ has been only applied to the study of transition metal dimers for the group VI elements 6,10 ͑Cr 2 , Mo 2 , W 2 , and CrMo͒ and for Mn 2 . 11 In the present work, besides the usual strongly contracted variant, we also made use of the partially contracted NEVPT3 approach ͑PC-NEVPT3͒. We recall that in the partially contracted variant of NEVPT the whole dimensionality of the internally contracted first-order interacting space ͑IC-FOIS͒ is taken into account, whereas in the strongly contracted approach only a subspace of IC-FOIS is considered. The PC-NEVPT3 calculations are computationally more demanding than the SC-NEVPT3 ones and thus they have been performed only for the 5 ⌺ u − state, with the purpose to assess the magnitude of the differences between the two variants of NEVPT3. The resulting PECs are reported in Fig. 3 along with second-order PC-NEVPT2 ones. As can be seen, the difference between SC-and PC-NEVPT3 is very small and there is hardly any advantage in choosing the more laborious partially contracted variant. The third-order PECs for the 5 NEVPT2 PECs, showing that the perturbation series does not suffer from oscillations. The difference in energy between the two states turns out to be slightly increased in the SC-NEVPT3 treatment with respect to PC-NEVPT2; the minimum-to-minimum energy difference changes from 0.12 eV ͑SC-NEVPT3͒ to 0.08 eV ͑PC-NEVPT2͒. These estimations using the ͑12o, 6e͒ active space embrace the 0.10 eV ͑PC-NEVPT2͒ energy spacing obtained with the ͑18o, 6e͒ CAS. The corresponding spectroscopic constants are reported in Table IV . A comparison of the ͑12o, 6e͒ NEVPT2 and NEVPT3 values shows that the harmonic vibrational frequencies are almost identical, while one can observe a small elongation in the equilibrium distance of both states, in agreement with the NEVPT2 results obtained with the full valence space ͑18o, 6e͒ and shown in Table III .
D. A comment on the applicability of reduced valence active spaces
Full-valence active space calculations for systems with a large number of configuration state functions are prohibitively expensive. Unfortunately, this is the situation for most transition metal dimers. In this respect Sc 2 is an exception; the full-valence active space calculations are not only possible, but quite robust. Therefore, Sc 2 constitutes a perfect benchmark system for verifying the applicability of reduced valence spaces in electronic structure calculations. In our previous studies 12 of Mn 2 we investigated the use of the so-called nonclosed active spaces. As stressed by Buchachenko et al., 74 the nonclosed active spaces do not possess a complete set of AOs representing a particular atomic shell, and might not be appropriate for this type of calculations. For Mn 2 , where the bond is of van der Waals character, a large variance in the spectroscopic parameters of the ground state was found. 12, 74 It would be very interesting to investigate the applicability of reduced valence active spaces for covalently bonded transition metal dimers. In order to evaluate the appropriateness of this particular approach, the PECs of Sc 2 shown in Fig. 4 have been computed with the traditional choice of reduced ͑12o, 6e͒ and full ͑18o, 6e͒ valence spaces along with the nonclosed ͑14o, 6e͒ active space. Spectroscopic parameters computed for the NEVPT2 PECs shown in Table III display rather small variations with the change in the active space. For instance, the largest difference in e -between the ͑18o, 6e͒ and ͑12o, 6e͒ CAS for the 5 ⌺ u − state-is only 16 cm −1 ͑6.5%͒. Bond lengths present even smaller fluctuations. The largest difference is 0.06 Å ͑2.3%͒ and corresponds to the deviation between the ͑18o, 6e͒ and ͑14o, 6e͒ CAS for the 1 ⌸ g state. The differences observed for e and r e of Sc 2 are rather small, but the most serious criticism against the nonclosed active space approach concerned the computation of the dissociation energy D e . Since the use of nonclosed active spaces leads to an artificial symmetry breaking at the atomic level, it is expected that large discrepancies between the nonclosed and traditional active spaces can be observed. This intuitive expectation is not fully confirmed for Sc 2 . It is true that the mean absolute deviation between the closed active spaces ͑12 orbital CAS versus 18 orbital CAS͒ is twice as small as the nonclosed case ͑14 orbital CAS versus 18 orbital CAS͒, but the absolute magnitude of the error is rather small in both cases: 0.04 and 0.07 eV, respectively. The largest difference detected for D e is of the order of 0.11 eV ͑7.2%͒; it is found between the ͑18o, 6e͒ and ͑14o, 6e͒ active spaces for the 5 ⌬ u state. It has to be noted here that the traditional choice of active space for transition metal dimers ͑12o, 6e͒ causes much more serious problems since it does not permit a proper description of the 3 ⌸ g , 1 ⌸ g , and 5 ⌬ u states due to the lack of the indispensable 4p AOs in the active space. Note also that in the case of other spectroscopic parameters, r e and e , the deviation between the ͑12o, 6e͒ and ͑18o, 6e͒ is actually sizably larger than between ͑14o, 6e͒ and ͑18o, 6e͒.
IV. CONCLUSION
The PECs of low-lying states of the scandium dimer have been studied with multireference perturbation theory ͑NEVPT2 and NEVPT3͒ using the full valence active space ͑18o, 6e͒ and a large ͑21s15p10d6f4g2h͒ / ͓10s9p8d5f4g2h͔ ANO-type basis set. We found that the ground state of Sc 2 is 5 31 and is in contrast with the earlier DMC predictions of Matxain et al. 8 An excellent agreement between the second-and third-order NEVPT results and between the computed and experimental values of e for the 5 ⌺ u − state indicates high accuracy of our predictions.
Another significant aspect of our work concerns the investigation of the possible reduction of the size of the active space. We found that for the low-lying states of Sc 2 the spectroscopic parameters depend only weakly on the choice of the active space with deviations of a few percent. As expected, the most accurate results are obtained with the full valence active space ͑18o, 6e͒. The traditional choice of the ͑12o, 6e͒ CAS does not permit a proper description of the electronic structure of Sc 2 in the 3 ⌸ g , 1 ⌸ g , and 5 ⌬ u states. No particular problems are detected for the nonclosed ͑14o, 6e͒ active space. These observations suggest that a strong dependence of the computed molecular parameters and potential energy surfaces on the choice of the active space may be limited to noncovalently bound species, 12, 74 where the adequate description of the electronic structure requires a properly balanced composition of the active space. It can be hoped that the results shown in the present study, along with the recent surge of interest in the theoretical description of the scandium dimer, will prompt experimental groups to reinvestigate this intriguing molecule so as to remedy the current paucity of reliable experimental data on Sc 2 . 
